Abstract Recurrence of subaortic stenosis (SAS) after surgery is common in children. The effects of patient characteristics and surgical timing on disease recurrence are largely unknown. We performed a retrospective study, assessing the relative effects of patient age and left ventricular outflow tract (LVOT) gradient on the need for reoperation for recurrent SAS. We included all children \20 years of age who underwent initial surgical resection of SAS at our center, January 2003-December 2013. Stratified logistic regression was performed, considering the effects of patient demographics, clinical characteristics, echocardiographic parameters, and operative technique, and clustering standard errors by surgeon. The multivariable model was used to simulate predicted probabilities of recurrent SAS for children at varying ages and baseline LVOT gradients. Sixty-three patients (38 males) underwent initial operation for SAS. Patients were followed for a median of 3.7 years (IQR 1.2-7.1). Twenty-one percent of patients (n = 13) underwent reoperation for SAS. Twelve were male. For every 10 mmHg increase in preoperative peak gradient in boys, the odds of reoperation for SAS doubled (OR 2.01, CI 1.5-2.72, p \ 0.001), and for every additional 6 months of age, the odds of reoperation decreased by 14% (OR 0.86, CI 0.84-0.88, p \ 0.001). Both younger age and higher preoperative outflow tract gradient are independently associated with risk of reoperation. Clinicians should consider the age and rate of LVOT gradient change-and not just the absolute gradient-in determining initial surgical timing.
Introduction
Subaortic stenosis (SAS) accounts for approximately 8-20% of left ventricular outflow tract (LVOT) obstruction in pediatrics [1, 2] . Despite advances in operative technique, the lesion has challenged surgeons and cardiologists with a high predilection for recurrence, even in the face of relatively uncomplicated and seemingly successful operative repairs, with reported recurrence rates ranging from 4 to 53% [3] [4] [5] [6] [7] [8] [9] [10] . While previous studies have identified some potential risk factors [9] [10] [11] [12] [13] , the effects of patient characteristics and surgical timing on recurrence rates remain largely unknown. We performed a retrospective cohort study, to assess the relative effects of patient age and LVOT gradient on the recurrence of SAS.
Materials and Methods

Study Population
We included all children \20 years of age who underwent surgical resection of SAS at NewYork-Presbyterian/Morgan Stanley Children ' collected via manual review of hospital charts. The presence of SAS and indications for initial surgery were determined from operative referral letters and preoperative echocardiograms and confirmed by operative notes. Patients with severe valvular aortic stenosis, single ventricle anatomy, hypertrophic cardiomyopathy, or a history of Ross/Konno procedure were excluded. Patients whose initial surgery was performed at another institution were also excluded.
Outcome Variables
The primary outcome of interest was reoperation for SAS. Secondary outcome was echocardiographic evidence of SAS recurrence, defined as postoperative peak LVOT gradient [ 50 mmHg. The presence of new or worsening aortic valve insufficiency on transthoracic echocardiogram and other operative complications were also assessed.
Predictors of Recurrence
The primary predictors of interest were (1) age at initial surgery and (2) peak and mean LVOT gradients (in mmHg) on preoperative transthoracic echocardiogram.
Other Predictors of Interest
Demographic variables included sex and weight at surgery. Clinical variables included the presence of prematurity (gestational age \ 37 weeks), extracardiac malformations, genetic disorders, other cardiac diagnoses, a history of previous cardiac surgeries, and operative technique (SAS resection alone or SAS plus myomectomy). Concomitant surgical procedures were also recorded.
Echocardiographic Variables
Preoperative, postoperative, and most recent echocardiograms were evaluated for every patient by two independent reviewers on manual review of echocardiographic images (JT, JG). Each measurement was obtained in triplicate and the average of the reviewers' measurements was used for data analysis for all continuous variables. Preoperative echocardiographic variables collected included the SAS subtype (membranous, fibromuscular ridge, tunnel-like, or other-including posterior deviation of the conal septum or accessory mitral valve attachments), aortic valve morphology (tricuspid, bicuspid, or functionally bicuspid), sizes at the aortic valve annulus, aortic root, and sinotubular junction, distance from the SAS to the right coronary cusp, left ventricular mass indexed to body surface area (BSA), and the presence and degree of aortic insufficiency. The distance of the SAS to the hinge point of the right coronary cusp was also measured, using a technique described previously by Kleinert and Geva [14] . The degree of LVOT obstruction was assessed from apical and suprasternal notch windows by calculating the maximal instantaneous gradients from the peak spectral Doppler velocity using the simplified Bernoulli equation. The highest peak and mean gradients obtained from either acoustic window were recorded. Preoperative quantitative assessment of left ventricular mass was performed via 5 9 6 area length method for all patients for whom appropriate imaging was available. All distances were assessed as absolute values and indexed to BSA; only indexed values were considered in multivariable analyses. All anatomic descriptions (such as valve morphology) were confirmed on intraoperative reports from the surgeon of record.
Perioperative and Operative Management
At our institution, decision to operate for SAS is made jointly at the discretion of the primary cardiologist and operating surgeon. Timing and procedure subtype are typically based on a combination of LVOT gradient and diameter (indexed) on transthoracic echocardiogram and the presence of other cardiac lesions/the need for other cardiac interventions. In the operating room, the membrane is sharply resected, including any attachments to the undersurface of the aortic valve leaflets or anterior leaflet of the mitral valve. Decision to perform a myomectomy is based on the presence of septal hypertrophy in the LVOT seen on preoperative echocardiogram, and is at the discretion of the operating surgeon. Prior to 2010, surgeons at our center used myomectomies conservatively on primary repairs [9] . After 2010, surgeons at our center tended to use myomectomies more aggressively. In addition, for patients with evidence of significant membrane extension on the anterior leaflet of the mitral valve, the fibrous trigones were typically mobilized and lateral attachments of the anteriorlateral papillary muscle to the free wall of the left ventricle were freed, as previously described by Yacoub et al. [15] . All patients are recovered postoperatively in our pediatric cardiac care unit and receive transthoracic echocardiograms prior to discharge and are followed longitudinally thereafter. Timing of follow-up visits and echocardiograms post-discharge are based on the discretion of the primary cardiologist.
Statistical Analysis
All statistical analyses were conducted in Stata software, version 13 (StataCorp, College Station, Texas). Demographic and clinical variables were described using standard summary statistics. To assess the marginal associations between predictor variables and the outcomes of interest, v 2 or Fishers exact tests were used for categorical variables, and t-tests or Kruskal-Wallis were used for continuous variables. Collinearity of continuous predictor variables was tested using Pearson and Spearman correlation as appropriate. Logistic regression was used to determine the associations between preoperative peak LVOT gradients and patients' ages and each of the measured outcomes, considering the effects patient baseline demographic and clinical characteristics, as well as echocardiographic and surgical parameters. Multivariable models were built via a forward stepwise procedure. Variables with p values B 0.10 in univariable analyses were evaluated together in multivariable models. Other variables were retained in the final models if their p values met the significance criterion or if their inclusion changed the magnitude of the coefficient for age or peak preoperative gradient by [ 10%. Model-based confidence intervals were constructed and hypothesis testing was performed using robust standard errors, with clusters corresponding to surgeons. Models considered the effects of confounding and effect modification. A p value of \0.05 was considered statistically significant. Because age was highly collinear with weight and intra-cardiac dimensions, weight for age and sex z-scores were used. Given that patients with various concomitant cardiac lesions might have different reasons for restenosis, sensitivity analyses were performed to test the robustness of our results, rerunning all models while excluding patients with other congenital heart diseases.
The results of the final multivariable model were then used to simulate predicted probabilities of recurrent SAS for children at different ages and with varying baseline LVOT gradients, including 5th and 95th percent prediction intervals. These results were displayed graphically.
Results
Preoperative and Operative Characteristics
Sixty-three patients (38 males) underwent initial operation for SAS. Baseline characteristics are described in Table 1 . The median age at initial operation was 3.6 years (IQR 1.6-7.7). The average peak and mean preoperative LVOT instantaneous gradients were 63.6 mmHg (SD 30.5 mmHg) and 36.2 mmHg (SD 18.0 mmHg), respectively. Most patients had discrete membranous SAS (83%, n = 52). A fibromuscular ridge was reported in 11% (n = 7) and a tunnel-like LVOT in 3% (n = 2). Three percent of patients (n = 2) were classified as ''other'' (one with obstruction primarily caused by accessory mitral valve tissue and one with obstruction caused by posterior deviation of the conal septum). The majority of aortic valves were trileaflet (83%, n = 52). The remaining valves were true bicuspid valves. The mean aortic valve annulus diameter was 12.9 mm (SD 3.9) and the median aortic valve annulus z-score was -0.8 (-2.0 to ?1.2). All but one patient had no or mild aortic insufficiency preoperatively. Additional cardiac anomalies were present in 57% of patients (n = 36). The most commonly associated cardiac lesions were ventricular septal defects (32%, n = 20) and coarctation or arch hypoplasia (18%, n = 11). Forty-one percent of patients (n = 26) had a history of previous cardiac surgery, the most common of which were aortic arch repair (16%, n = 10) and ventricular septal defect closure (14%, n = 9) (See Table 2 ). One child had a urologic disorder; one had developmental delay and respiratory insufficiency requiring tracheostomy; two children had seizure disorders, and three children had primary pulmonary hypertension.
Just over 40% (43%; n = 27) of patients undergoing SAS resection also underwent myomectomy. The frequency of myomectomy differed by surgeon (0/4, 2/15, 5/12, 20/32; p = 0.003). One-third of patients (n = 21) underwent additional concurrent cardiac surgery, the most common being VSD repair (19%, n = 12). Four surgeons operated during the study period; half of the patients were operated on by a single surgeon (51%, n = 32). Two surgeons each performed approximately 20% of cases (24 and 19%; n = 15, 12). The remaining six percent (n = 4) were operated on by a fourth surgeon.
On predischarge echocardiogram, the average peak and mean LVOT instantaneous gradients were 18.2 mmHg (SD 13.1 mmHg) and 9.1 mmHg (SD 6.9 mmHg), respectively-significantly improved from preoperation (p \ 0.001 for both).
Reoperation
Patients were followed for a median of 3.7 years (IQR 1.2-7.1). Median age at last follow-up was 7.6 years (IQR 4.7-13.2 years). Twenty-one percent of patients (n = 13) underwent reoperation for SAS. Median age at reoperation was 7.5 years (IQR 2.5-9.0); median time to reoperation was 2.7 years (IQR 1.9-5.4 years). Of those who underwent reoperation, mean peak and mean LVOT gradients at reoperation were 65 mmHg (SD 13) and 36 mmHg (SD 8)-similar to the mean peak and mean LVOT gradients at initial operation. Approximately, half of these patients also underwent myomectomy at reoperation (46%, n = 6); 30% underwent Ross/Konno (n = 4); 15% underwent SAS resection alone (n = 2); and 7% (n = 1) underwent aortic valve repair and modified Konno procedure. No patients underwent a third procedure.
The median age at initial operation for children requiring reoperation appeared lower than for those who did not Children requiring reoperation had a higher mean preoperative peak LVOT gradient (81 vs. 59 mmHg, p = 0.023) and a smaller mean aortic valve annulus z-score (-2.0 vs. 0.04, p = 0.002) at the time of first SAS repair than those that did not. Differences in preoperative mean LVOT gradients did not meet statistical significance (44 vs. 34 mmHg, p = 0.108). No children older than 7 years of age, with initial peak gradients \45 mmHg, or with an aortic valve annulus z-score [ 1.2 at initial surgery required reoperation. Preoperative peak LVOT gradient and aortic valve annulus z-score were highly negatively correlated (p = -0.37, p = 0.004), but were not associated with any other preoperative or operative characteristic, including operative technique, age, or weight. Preoperative peak and mean LVOT gradients were significantly associated with postoperative (predischarge) peak and mean gradients (p \ 0.001, p \ 0.001), though were not correlated with age at initial operation. Both postoperative (predischarge) peak and mean gradients were predictive of reoperation (p = 0.019, p = 0.021, respectively); the average peak and mean LVOT instantaneous gradients postoperatively were 30 mmHg (SD 19 mmHg) and 15 mmHg (SD 11 mmHg), respectively, for patients who required reoperation and 15 mmHg (SD 9 mmHg) and 7 mmHg (SD 4 mmHg) for those who did not.
Female sex appeared to be protective; boys had a significantly higher reoperation rate than girls (31.5 vs. 4.0%, p = 0.008). Sex was not significantly associated with any other measured preoperative or operative characteristic. There were no statistical differences in any other clinical characteristic, preoperative echocardiographic parameters, or surgical technique between those requiring and not There were no significant differences in rates of restenosis among patients with and without various other cardiac diagnoses or prior cardiac surgeries, or those undergoing various concurrent cardiac surgeries requiring reoperation. Notably, there were no significant differences in SAS subtype, aortic valve morphology, or the presence of other congenital heart lesions (see Tables 1,  2 ). In stratified, multivariable analyses, for every 10 mmHg increase in preoperative peak gradient in boys the odds of reoperation for SAS doubled (OR 2.01, CI 1.5-2.72, p \ 0.001), and for every additional 6 months of age the odds of reoperation decreased by 14% (OR 0.86, CI 0.84-0.88, p \ 0.001), after considering the effects of other patient demographics, clinical characteristics, echocardiographic parameters, and operative technique, and clustering standard errors by surgeon (Table 3) . Given the strong collinearity between LVOT gradient and aortic valve annulus z-score, and given the presumed causal association, aortic valve annulus size was excluded from multivariable modeling. Figure 1 graphically shows the simulated expected probabilities of reoperation for 3 month-old and 5 year-old boys as functions of peak preoperative LVOT gradients. These results were similar when excluding patients with other congenital heart lesions.
Long-Term Follow-Up
Among all patients, median peak and mean LVOT gradient at last follow-up were 17 mmHg (IQR 10-32) and 9 mmHg (IQR 4-16), respectively. There was no difference in final gradients between those who underwent reoperation and those who did not (p = 0.575 and p = 0.110). Initial LVOT gradients and aortic valve annulus z-score were both predictive of LVOT gradients at last follow-up, but age at initial operation was not. Prematurity and the presence of a concomitant surgery at initial operation were significantly associated with lower peak and mean LVOT gradients at last follow-up. No other preoperative or operative variables predicted final LVOT gradients. 
Surgical Complications
On postoperative echocardiogram, there was no significant difference in the degree of aortic valve insufficiency compared to baseline. Only one patient had greater than or equal to moderate insufficiency postoperatively and this patient had moderate insufficiency preoperatively. Five patients with no insufficiency preoperatively had mild insufficiency postoperatively, and nine patients with mild insufficiency preoperatively had no insufficiency postoperatively. Three patients (4.7%) experienced other complications associated with the initial SAS resection. One patient developed an aneurysm of the LVOT postoperatively that required surgical resection. Two patients had refractory postoperative pericardiotomy syndrome. No patients developed heart block after initial SAS resection. However, two of the 13 patients who underwent reoperation (15%) developed complete heart block after their second surgeries, requiring permanent pacemaker placement. No other patients experienced complications at reoperation.
Discussion
Subaortic stenosis is a progressive disorder with high recurrence. Debate still exists regarding the effects of patient characteristics and surgical timing on disease recurrence. We examined rates of reoperation among children operated on for SAS. Reoperation occurred in 20% of our patients with a median follow-up period of 3.7 years-similar to previously published data [1, 2, 4, 6] . Lifetime reoperation rates are likely even higher. Higher preoperative LVOT gradients and younger age were both independently associated with a higher risk of reoperation. In fact, no patient over the age of seven at the time of their first surgery required a reoperation for recurrence, regardless of the preoperative gradient. The development of SAS is clearly multifactorial. Leichter and Gersony, in their natural history study, were the first to describe this disease process as ''acquired.'' They described 35 patients undergoing catheterizations for other cardiac lesions, who had no evidence of LVOT obstruction on initial catheterization, who subsequently developed SAS with significant obstruction [16] . While not truly an acquired lesion, SAS likely has both genetic and environmental features that stimulate development [17] . Several anatomic features have been identified that may predispose the development of SAS in susceptible individuals. Cape proposed a four-stage etiology in which altered morphology of the LVOT causes septal shear stress triggering a genetic predisposition leading to a cellular proliferation response [18] .
Several studies have tried to determine risk factors for recurrence in this group of patients. Geva and colleagues identified distance from the subaortic membrane to the aortic valve (\6 mm) as an independent risk factor for recurrence [11] . Distance of discrete subaortic membrane to the aortic valve, involvement of the anterior leaflet of the mitral valve and initial Doppler gradient across the LVOT [12] , and the presence of other congenital heart lesions [13] have also previously been described as risk factors for progressive disease. In our population, none of these were significantly associated with the risk of reoperation, though our subpopulations were small.
Surgical technique has been considered as a risk factor for restenosis. In particular, some at our center have questioned the utility of adding myomectomy to standard enucleation [10] . While risk of recurrence in our present study was not different for patients who did and did not undergo myomectomy as part of SAS repair, we would point out that, beginning in 2010, due to philosophical changes at our center, our surgeons promote a more aggressive use of myomectomies. Patients in our study were not randomized to the various surgical approaches, and so the similarity in outcomes across procedure subtypes might reflect appropriate technique selection for individual patient anatomy.
Our study suggests that age might influence the rates of disease progression and recurrence and that the impact of a rising gradient on SAS recurrence might be more profound in infants than it is in toddlers and school-aged children. In our model, a 5 year old with a 50 mmHg gradient would be expected to have less than a 10% chance of recurrence. Were the gradient to rise to 60 mmHg, the risk of recurrence would still remain less than 15%. In contrast, a threemonth old with a 50 mmHg gradient would be expected to have a greater than 35% chance of recurrence, rising to nearly 50% by the time the gradient reached 60 mmHg (See Fig. 1) .
The implications of these data on clinical decisionmaking are complex, and surgical timing for these patients needs to be individualized. On the one hand, our data suggest that the younger a child is at initial operation, the higher the risk of recurrence. This might argue for a more conservative approach to initial surgery in infants. That having been said, if one has evidence that the gradient in a particular infant is rising rapidly, as gradients often do in babies with SAS, the more prudent approach might be to operate immediately, at a lower gradient, as the effects of the incremental gradient increase might outweigh the benefits of an extra month or two of age. Conversely, in a child in whom the gradient appears to be rising more slowly (as is often seen in older children), the benefits of age might outweigh the negative effects of a slightly higher gradient.
Unfortunately, given the retrospective nature of this investigation, the causal directions of these associations are not known. We did detect an association between initial aortic valve z-score and initial preoperative LVOT gradient, as well as associations between LVOT gradient after initial surgery and both preoperative gradient and reoperation. Median absolute aortic valve diameters were also, obviously, smaller in younger children. It is, therefore, possible that current techniques do not sufficiently relieve LVOT obstruction in infants with smaller aortic valves and that incomplete initial repair this leaves a stratum susceptible for restenosis. It is also possible that younger children or children with higher initial gradients are followed more closely postoperatively and are, therefore, more likely to be referred for reoperation. In contrast, it is also possible that children who develop hemodynamically significant LVOT gradients in infancy have a fundamentally different disease than do children who do not develop significant gradients until their school-aged years. It is notable that we found no difference in gradient at last follow-up between those who underwent reoperation and those who did not, indicating that optimal outcomes are possible for all children.
Our reoperation rate was also significantly affected by sex. Twelve of the thirteen patients who underwent reoperation for recurrence were male. Baseline and operative characteristics for males and females were similar and an explanation for the male predominance in the reoperation group could not be identified. Similar to most left heart obstructive lesions, SAS is known to have a male predominance. Male sex, however, has not been shown previously to be risk factor for recurrence. It is possible that this association was observed by chance. The p value, however, was 0.008, indicating less than a 1% probability of a Type I error. Of note, a recent study has described female sex as a potential risk factor for recurrence in adults [19] .
Limitations
Our study has several limitations. Our analyses were performed on a limited number of patients, derived from a single center, and reviewed retrospectively, and includes patients with concomitant lesions. The decisions for surgical intervention, and reintervention, were determined by individual practitioners and with no standardized criteria. Our follow-up is also limited to the pediatric population, and does not describe the entire natural history of disease progression. Predicted probabilities from our models should be considered in the context of these potential biases and with attention to confidence limits. Larger studies are needed to validate these results and to narrow the predictive interval.
Conclusions
Recurrence for SAS is common, with approximately 20% requiring reintervention. Both younger age and higher preoperative outflow tract gradient are independently associated with reoperation. Clinicians should consider the age and rate of LVOT gradient change-and not just the absolute gradient-in determining initial surgical timing.
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